In rats maintained on a diet deficient in calcium but otherwise adequate, there is increased parathyroid activity. Evidence is presented which shows that the osteoporosis of calcium deficiency is the result of this activity. The rapid bone turnover which characterizes this form of osteoporosis is dependent on the presence of the parathyroid glands, and in their absence it is not seen, but instead bone turnover is much slower than normal. Hypoparathyroidism protects the skeleton from the osteoporosis due to calcium deficiency, but at the expense of somatic and skeletal growth.
INTRODUCTION
In a previous paper (Harrison & Fraser, 19606) we reported the effect of pure calcium deficiency on the structure and metabolism of the rat's skeleton. It was shown that thinning of the bones resulted, which histologically was bone atrophy or osteoporosis, and which was associated with a rapid rate of calcium deposition in bone, as measured by a strontium tracer test. It follows that the rate of résorption of these bones must also be excessively rapid. In this paper experiments planned to determine the role of the parathyroid glands in producing this rapid bone résorption are reported.
METHODS
As in the previous experiments, rats from a closed colony of the hooded Lister strain were used. In all experiments the animals were kept in a room at constant temperature, and were shielded from direct exposure to the sun.
For the first experiment, parathyroidectomy was carried out under ether anaes¬ thesia by Dr G. Mouzas in animals aged 4 weeks. The thyroid glands were not removed. The parathyroidectomized animals were then divided into two groups, one receiving a normal diet (rat cubes supplied by Messrs Heygate and Sons, North¬ ampton), and the other a low calcium diet with vitamin supplements, as described previously (Harrison & Fraser, 19606) . After 8 weeks on these diets the rats were X-rayed by a standard technique and their strontium retention at 24 hr was measured, as already described (Harrison & Fraser, 1960 ) . At the conclusion of the strontium test, blood was taken from the abdominal aorta for calcium and phosphate estimation, the criteria of total parathyroidectomy being a plasma calcium level of 4-0 m-equiv./I. or less and a plasma phosphate level of > 9 mg/100 ml. Only rats which satisfied these criteria are included in the parathyroidectomized series described here. (For details of methods used, see Harrison & Fraser, 1960 .) In Age (months) Text- fig. 1 . Growth of parathyroidectomized rats placed on a calcium-deficient diet, compared with that of animals with intact parathyroid glands on the same diet.
RESULTS
(1) Effect of parathyroidectomy on growth Over a period of 3 months there was no significant difference in growth rate between the parathyroidectomized rats and normal rats when the diet was normal. On a low calcium diet, however, the parathyroidectomized animals gained weight extremely slowly, and much less rapidly than rats with intact parathyroid glands on the same diet (Text- fig. 1 ). Apart from this arrest of growth the parathyroidecto¬ mized animals appeared to be healthy, and tetany was never observed. The lifespan of the animals on both diets was normal.
(2) X-ray changes in skeleton after parathyroidectomy
The skeleton of the parathyroidectomized rat on a normal diet appears of normal density (Plate, fig. 1 ). After 3 months on the low calcium diet, however, the bones of the parathyroidectomized animals are radiologically thin (Plate, fig. 2 ). Although these animals are smaller, we do not think that this difference in size can account for the marked difference in bone density. Plate, fig. 3 , shows the skeleton of a rat with intact parathyroid glands, on the low calcium diet, and it is seen that in the animals without parathyroid glands the bone rarefaction is less than in those with intact glands.
(3) Skeletal avidity for calcium in parathyroidectomized rats
In Table 1 the strontium retention in normal and parathyroidectomized rats on normal diets is compared, and it is seen that there is a highly significant difference in the skeletal uptakes in the two groups, that in the normal animals being almost three times as great as that in the parathyroidectomized animals. Table 2 shows the 24-hr strontium retention in parathyroidectomized rats on normal and on low-calcium diets. The plasma levels of calcium and phosphate are indicated in each rat and show that parathyroidectomy was adequate. There is no significant difference in strontium retention between the two dietary groups, in contrast to the findings in rats with intact parathyroid glands. The rat has two parathyroid glands, which are just visible to the naked eye as small white oval structures on the surface of the thyroid gland, one on each side of the trachea. In the calcium-deficient rats after 3 months of the diet, the parathyroid glands were estimated grossly to be between two and three times the size of those from control rats of the same age. Table 3 shows the nuclear counts in glands from each group ofrats. In the calcium-deficient animals there are significantly fewer nuclei per 100 squares, indicating hypertrophy of the parathyroid cells compared to those in the animals on normal diet. Table 2 ). Moreover, the hypoparathyroid animals had a greatly reduced skeletal uptake of strontium, and therefore a decreased rate of bone formation as compared with normal rats of the same age. The strontium uptake was similar whether the rats were maintained on a normal or on a low calcium diet, which is in striking contrast to the findings in calcium-deficient rats with intact parathyroid glands whose bones are abnormally avid for strontium (Harrison & Fraser, 19606) .
Removal of the parathyroid glands considerably affects the rat's response to a low calcium diet, and these studies have also shown that such a diet normally produces changes in parathyroid size and probably activity. First, parathyroidectomy pre¬ vents the marked increase in bone avidity for strontium (i.e. the increased rate of bone formation) which is seen in calcium-deficient rats with intact parathyroid glands. Indeed, the uptake remains subnormal in the hypoparathyroid animals even when they are deprived of calcium. Secondly, the skeletal rarefaction which follows calcium deficiency is less marked in parathyroidectomized rats than in normal rats. Thus hypoparathyroidism appears partially to protect the skeleton from the severe osteoporosis that results from pure calcium deficiency, although some degree of rarefaction does occur. Thirdly, evidence is presented here which shows that para¬ thyroidectomy exaggerates the inhibition of growth which results from a pure calcium deficiency (Harrison & Fraser, 19606) . This suggests that calcium is a growth factor for rats, and that when the dietary intake of calcium is insufficient the parathyroid glands attempt to maintain normal levels of calcium in the body fluids by mobilizing the stores available from the skeleton ; the finding of enlarged para¬ thyroids in calcium deficiency observed here, and also previously described (Stoerk & Carnes, 1945) , is confirmatory evidence of this.
As a result of this mobilization of calcium the bones become osteoporotic, despite a compensatory increase in the rate of bone formation, as shown by the strontium test. Sufficient calcium, however, is thereby provided to allow some growth, although this proceeds more slowly than when adequate dietary calcium is supplied. When the parathyroid glands are removed, however, this mobilizing action on the skeleton does not occur, and as a result growth is almost completely arrested on a low calcium intake. Consequently osteoporosis associated with calcium deficiency is less severe in hypoparathyroid animals. The rate of bone turnover is much slower in these animals than in normal ones, and this is the opposite finding to that in calcium deficiency when the parathyroid glands are intact.
The fact that some bone rarefaction occurred in the calcium-deficient para¬ thyroidectomized rats indicates that bone résorption was greater than bone forma¬ tion. We are unable to account for this difference, but Table 2 shows that there is little if any difference in strontium uptake, and hence in rate of bone formation, between calcium-deficient hypoparathyroid rats and hypoparathyroid rats on normal calcium intake. This suggests that the rate of bone résorption is greater in the calcium-deficient rats, and that there is another mobilizing factor than parathyroid hormone acting on the skeleton, although it is less efficient than the parathyroid hormone. Possibly this factor is vitamin D, since we have shown that this vitamin will maintain the blood calcium level sufficiently high in calcium deficiency to prevent osteomalacia (Harrison & Fraser, 1960 ) .
These experiments have shown, therefore, that when calcium is withheld from the diet of rats skeletal rarefaction develops. Histologically the bones show the changes of osteoporosis. This osteoporosis is associated with excessive calcium résorption, which is mediated by increased parathyroid activity, and it is less evident in animals in which the parathyroid glands have been removed. In hypoparathyroid calciumdeficient rats the rate of bone turnover is much slower than normal, in contrast to the turnover in calcium-deficient rats with intact parathyroid glands in which it is excessively rapid. Fig. 1 . X-ray photograph of parathyroidectomized rat, aged 3 months, on a normal diet. Fig. 2 . X-ray photograph of parathyroidectomized rat, aged 3 months, on low calcium diet. Fig. 3 . X-ray photograph of rat with intact parathyroid glands, aged 3 months, on low calcium diet.
